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Summary
Autoimmune hepatitis (AIH) is characterized by overwhelming effector immune responses associated with defective regulatory T cells (T regs ). Several lines of evidence indicate CD4 as the main effectors involved in autoimmune liver damage. Herein we investigate the in-vitro effects of prednisolone, 6-mercaptopurine, cyclosporin, tacrolimus, mycophenolic acid (MPA) and rapamycin, immunosuppressive drugs (ISDs) used in AIH treatment, on the expression of proinflammatory cytokines, co-inhibitory molecules and ability to proliferate of CD4 
CD25
-cells, isolated from the peripheral blood of treatment-naive patients with AIH. We note that in healthy subjects (HS) following polyclonal stimulation and in the absence of ISDs, the expression of interferon (IFN)-g, interleukin (IL)-17 and tumour necrosis factor (TNF)-a by CD4 effectors peaks at 48 h and decreases at 96 h to reach baseline levels. In contrast, in AIH the expression of all these proinflammatory cytokines continue rising between 48 and 96 h. Levels of programmed cell death-1 (PD-1), T cell immunoglobulin and mucin domain-containing molecule-3 (TIM-3) and cytotoxic T lymphocyte antigen-4 (CTLA-4) increase over 96-h culture both in HS and AIH, although with faster kinetics in the latter. Exposure to ISDs contains IFN-g and PD-1 expression in AIH, where control over CD4 1 CD25 -cell proliferation is also noted upon exposure to MPA. Treatment with tacrolimus and cyclosporin render CD4
Introduction
Autoimmune hepatitis (AIH) is a chronic liver disease caused by an aberrant immune response to hepatic autoantigens. Diagnostic features include hypergammaglobulinaemia, elevated serum aminotransferase levels, autoantibody positivity and histological evidence of interface hepatitis [1] .
Mounting evidence heavily implicates CD4 T cells in both the initiation and perpetuation of the immune response in AIH. First, the majority of genes conferring susceptibility to AIH lie within the human leucocyte antigen (HLA) region, which is responsible for the presentation of antigenic peptides to CD4 T cells, eventually triggering an adaptive immune response [2] . Secondly, several studies have demonstrated that the T helper type 1 (Th1)-derived proinflammatory cytokine, interferon (IFN)-g, is essential for the development of AIH in murine models [3] [4] [5] [6] . Moreover, we have shown previously that AIH patients display enhanced Th1 cell immunity [7] and have an increased frequency of circulating IFN-g 1 CD4 T cells compared to healthy controls [8, 9] . In addition to the well-established role of IFN-g and Th1 cell immunity in AIH liver damage, recent data have proposed that in experimental models of AIH, mice deficient in either interleukin (IL)-17 [10] or the IL-17 receptor [11] are partially protected from hepatic injury. There is also evidence that Th17 cells are elevated in the circulation and the liver of patients with AIH [12] .
Moreover, polymorphisms within the tumour necrosis factor (TNF)-a gene confer predisposition to AIH [13] [14] [15] [16] , indicating the participation of this proinflammatory cytokine in autoimmune liver damage. Further, recent data have demonstrated that cells of the Th17 lineage display heightened TNF-a production in AIH compared to health [17] .
In health, overzealous immune responses are kept in check by a number of protective mechanisms. For example, autoantigen-specific effector T cells express high levels of co-inhibitory receptors such as cytotoxic T lymphocyteassociated protein-4 (CTLA-4) and programmed cell death-1 (PD-1) [18] , the engagement of which modulates cell activation upon antigen exposure. Regulatory T cells provide another level of protective regulation. In AIH, regulatory T cells (T regs ) are present at lower frequencies compared to healthy controls [19] [20] [21] [22] [23] [24] and are less able to suppress CD4 T cell function [8, 21, 23, 24] . Conversely, CD4 effector lymphocytes from AIH patients are also less susceptible to T reg suppression, due to reduced expression of the co-inhibitory receptor T cell immunoglobulin and mucin domain-containing molecule-3 (TIM-3) [8] .
The mainstay of treatment for AIH is immunosuppression, most commonly beginning with relatively high doses of prednisolone, which are gradually tapered as azathioprine is introduced. Prednisolone is a steroid which binds glucocorticoid receptors [25] , while azathioprine, a prodrug of 6-mercaptopurine (6-MP), is a purine analogue which prevents the de-novo synthesis of purine nucleosides [26] . Additional drugs that have been used to treat AIH are: mycophenolate mofetil (MMF), a drug similar to azathioprine that inhibits the activity of inosine-5'-monophosphate dehydrogenase, an enzyme involved in denovo purine synthesis [27] [28] [29] [30] [31] ; cyclosporin [32] [33] [34] and tacrolimus [34, 35] , that interfere with the T cell signalling molecule calcineurin, thereby inhibiting the nuclear factor of activated T cells (NFAT) and the transcription of IL-2; and rapamycin, that inhibits IL-2 transcription and cellcycle progression through the blockade of mammalian target of rapamycin (mTOR) activity [36] , while enhancing the proliferation and suppressive capacity of T regs [37] .
In the present study, we examined in vitro the effects of these immunosuppressive drugs (ISDs) on the expression of the co-inhibitory molecules CTLA-4, TIM-3 and PD-1 and on the production of the proinflammatory cytokines IFN-g, IL-17 and TNF-a by CD4 effector cells in treatment-naive patients with AIH.
Patients and methods

Patients and controls
Peripheral blood samples were obtained from six patients presenting with AIH before the initiation of immunosuppressive treatment (Table 1 ). All patients met the International Autoimmune Hepatitis Group (IAIHG) revised criteria for probable or definite AIH [1] , with diagnosis confirmed by the presence of anti-nuclear and/or antismooth muscle antibody positivity and the histological presence of interface hepatitis. None of the six patients had bile duct changes characteristic of sclerosing cholangitis on retrograde or magnetic resonance cholangiography [38] nor had inflammatory bowel disease. Demographic and biochemical data from these patients at presentation are shown in Table 1 . Eight healthy subjects (HS) served as normal controls [four females, median age 31 (range 5 21-51) years]. The age difference between AIH patients and HS derived from ethical constraints in obtaining blood from healthy children. The study was approved by the ethical committee of King's College Hospital, London and written consent was obtained from each AIH patient or legal guardian and HS enrolled in the study. AST 5 aspartate aminotransferase; ALT 5 alanine aminotransferase; GGT 5 gamma glutamyl transferase; AP 5 alkaline phosphatase; IgG 5 mmunoglobulin G; ANA 5 anti-nuclear antibody; SMA 5 smooth muscle antibody; nv 5 normal value; n.a. 5 not available.
Cell separation
Peripheral blood mononuclear cells (PBMCs) were isolated as described previously [19] . Viability of mononuclear cells, determined by trypan blue exclusion, exceeded 98%. CD4 1 CD25 -effector T cells were isolated from the total PBMC population using immunomagnetic beads (Dynal Invitrogen, Oslo, Norway), as described previously [19, 20] . CD4 1 CD25 1 T regs to be used in co-culture experiments with CD4
1
CD25
-effector cells were obtained by immunomagnetic bead separation, as reported previously [24] . Purity of both cell populations consistently exceeded 95%.
Cell stimulation
-effector T cells were seeded at 1 3 10 6 cells/ ml in 96-well round-bottomed plates in RPMI-1640 presupplemented with 2 mM L-glutamine and 1% antibiotic-anti-mycotic solution (both from GIBCO, Invitrogen, Paisley, UK) and 10% fetal calf serum (FCS). Cells were exposed to a polyclonal stimulus consisting of anti-CD3/anti-CD28 T cell expander (ratio bead/cell: 1/2; Dynal Invitrogen) and recombinant human IL-2 (30U/ml; EuroCetus; Amsterdam, the Netherlands), a protocol chosen on the basis of previous experiments [20] . To test and compare the effects of ISDs on the activation of effector T cells in vitro, the following ISDs were added alongside polyclonal stimulation at a final molarity of 10 nM; sirolimus (rapamycin, 9Á1 lg/l), prednisolone (3Á6 lg/l), tacrolimus (FK-506; 8 lg/l), mycophenolic acid (MPA, the prodrug of which is MMF, 3Á2 lg/l), 6-MP (2Á77 lg/l) and cyclosporin (12 lg/l) (all Sigma-Aldrich, Dorset, UK). The same molarity was used for all drugs to allow interdrug comparisons. Corresponding concentrations and recommended therapeutic ranges for each drug are indicated in Table 2 . With the exception of prednisolone and 6-MP, for which monitoring is not performed routinely in our centre, the concentration of most other drugs was close to or fell within the therapeutic range recommended in our institution. The chosen molarity enabled the observation of inhibition of proliferation while avoiding significant cell death. Cells were cultured for 48 and 96 h before the assessment of phenotype and proliferation.
Control wells, in which no ISDs were present, were also included.
Flow cytometry
At baseline, and after 48 and 96 h of culture, cells were washed with phosphate-buffered saline (PBS) supplemented with 1% FCS, and stained with phycoerythrin (PE)-conjugated anti-TIM-3 (BD Biosciences, Discovery Labware, Oxford, UK) and fluorescein isothiocyanate (FITC)-conjugated anti-PD-1 (eBioscience, Hatfield, UK). The percentage of cells positive for intracellular CTLA-4 was determined after fixation and permeabilization with Cytofix/Cytoperm TM (BD Biosciences) and the addition of allophycocyanin (APC)-conjugated anti-CTLA-4 (BD Biosciences).
The percentage of IFN-g-, IL-17-and TNF-a-positive cells was determined after exposure to leucocyte activation cocktail with BD GolgiPlug for 4 h. Cells were then stained using PE-conjugated anti-IFN-g and anti-TNF-a (both BD Biosciences) and FITC-conjugated anti-IL-17 (eBioscience). Flow cytometry was performed on a Becton Dickinson fluorescence activated cell sorter (FACS-Canto TM II; Beckton Dickinson Immunocytochemistry Systems, San Jose, CA, USA). FlowJo software (Tree Star Inc., Ashland, OR, USA) was used for analysis.
Assessment of proliferation
Proliferation of CD4
1 CD25 -cells, in the absence and presence of T regs , was assessed using the CellTrace TM carboxy fluorescein succinimidyl ester (CFSE) cell proliferation kit (Molecular Probes, Paisley, UK). In co-culture experiments, T regs were added after CD4 1 CD25 -responder cells had been already treated with ISDs for either 48 or 96 h. After exposure to ISDs, CD4
1 CD25 -cells were washed prior to co-culture with T regs .
Statistical analysis
The normality of variable distribution was assessed by the Kolmogorov-Smirnov goodness-of-fit test; once the hypothesis of normality was accepted (P < 0Á05), comparisons were performed using one-or two-way analysis of variance (ANOVA), followed by the Bonferroni post-test. Data were analysed using GraphPad Prism V R version 5 software (GraphPad, San Diego, CA, USA).
Results
Effect of ISDs on proinflammatory cytokines
Frequency of CD4 at the same time-point between cells untreated and treated with different ISDs; and (c) at the same time-point in the presence of the same treatment between HS and AIH. Percentages of cytokine-producing cells and P-values are presented in Table 3 .
Effects of ISDs on effector cells in AIH
Polyclonal stimulation increased the proportion of cells producing IFN-g at 48 h in both HS (P < 0Á001) and AIH patients (P < 0.01; Fig. 1a and Supporting information, Fig. S1 ). While in HS, IFN-g production reached its peak level at 48 h, in AIH it continued rising between 48 and 96 h (P < 0Á05; Fig. 1a and Supporting information, Fig.  S1 ). In HS no change in the expression of IFN-g was observed in the presence of any of the ISDs tested at 48 and 96 h, but in AIH the increase in IFN-g observed between 48 and 96 h was reversed by each of the ISDs tested (P < 0Á001 for all drugs), bringing IFN-g levels back to baseline values (Fig. 1a) . The frequency of IFN-g-producing CD4
1 CD25 -cells was lower in AIH than in HS at 48 h in the absence of drugs and at 96 h upon cell exposure to cyclosporin, tacrolimus and MPA.
In HS, polyclonal stimulation increased the proportion of IL-17-producing CD4
1 CD25 -cells between baseline and 96 h (P < 0Á05; Fig. 1b and Supporting information, Fig.  S2 ), with the peak at 48 h (P < 0Á001; Fig. 1b and Supporting information, Fig. S2 ). In AIH patients, IL-17 production rose from baseline to 48 h, continuing to rise at 96 h, in a pattern similar to that observed for IFN-g. However, the change from baseline for IL-17 at both 48 and 96 h was not significant, due presumably to the variability in the frequency of IL-17-producing cells. In AIH patients, the increase in IL-17 production noted between 48 and 96 h in the absence of ISDs was contained, although not significantly, by prednisolone, rapamycin, tacrolimus and cyclosporin. No effect on IL-17 production was observed at 96 h in the presence of 6-MP and MPA. No differences in the frequency of IL-17-producing CD4 
CD25
-cells were noted between HS and AIH patients at 48 and 96 h in the absence or presence of ISDs.
In HS, polyclonal stimulation increased the frequency of TNF-a-producing CD4
1 CD25 -cells between baseline and 96 h (P < 0Á001; Fig. 1c and Supporting information, Fig.  S3 ), with a peak at 48 h (P < 0Á001; Fig. 1c and Supporting information, Fig. S3 ), mirroring the pattern already observed for IFN-g and IL-17. In AIH patients, TNF-a production rose from baseline at 48 h and continued to increase at 96 h ( Fig. 1c and Supporting information, Fig.  S3 ) without, however, reaching statistical significance. In HS the expression of TNF-a was decreased in the presence of cyclosporin (P < 0Á05) and tacrolimus (P < 0Á05) at 48 h following polyclonal stimulation. No significant effect on TNF-a production was noted in the presence of ISDs in HS at 96 h and in AIH patients at both 48 and 96 h. No difference in the proportion of TNF-a-producing CD4 
-cells was noted between HS and AIH patients at any of the time-points tested.
Overall, these data show that, at variance with HS, CD4 1
-cells from AIH patients undergo an increase in the production of IFN-g between 48 and 96 h of polyclonal stimulation, this increase being restrained by ISDs treatment.
Effect of ISDs on co-inhibitory molecules
Frequency of CD4 and CTLA-4 was also determined at baseline before polyclonal stimulation was started and then at 48 and 96 h, in the absence and presence of ISDs. Analysis was carried out as described above. Frequencies of cells and P-values are indicated in Table 4 .
In the absence of ISDs, TIM-3 expression increased in both HS and AIH patients during the course of polyclonal stimulation ( Fig. 2a and Supporting information, Fig. S4 ). However, while a significant increase in TIM-3 expression compared to baseline was evident at 48 h in AIH patients (P < 0Á05), this was not so for HS. TIM-3 expression was elevated significantly compared to baseline by 96 h in both HS (P < 0Á001) and AIH patients (P < 0Á001). In both HS and AIH patients, rapamycin, prednisolone, cyclosporin and tacrolimus had little effect on the increase in TIM-3 expression during the course of the experiment. This was also true of 6-MP and MPA in HS. However, in AIH patients, the increase in TIM-3 expression between baseline and 48 h was less marked in the presence of 6-MP or MPA. No significant differences in the frequency of CD4 
CD25
cells expressing TIM-3 were noted between HS and AIH patients at baseline and, subsequently, at 48 and 96 h in the absence and presence of ISDs.
In the absence of ISDs, polyclonal stimulation increased the proportion of CD4
1 CD25 -cells expressing PD-1 from baseline to 96 h in both HS (P < 0Á001) and AIH patients (P < 0Á001; Fig. 2b and Supporting information, Fig. S5 ). PD-1 expression increased more rapidly in AIH patients compared to HS, with PD-1 expression greater at 48 h compared to baseline in AIH patients (P < 0Á001) but not in HS [P 5 not significant (n.s.)]. Rapamycin, prednisolone and 6-MP had little effect on PD-1 expression throughout the course of the experiment. The rise in PD-1 levels between baseline and 48 h seen in AIH patients was less evident in the presence of MPA and of tacrolimus. Cyclosporin had little effect at 48 h, but in AIH patients it dampened the rise in PD-1 expression between baseline and 96 h. No differences were observed in the frequency of CD4 
-effector T cells expressing PD-1 in HS and AIH patients at baseline. PD-1 levels were higher in AIH patients than HS at 48 h in the absence (P < 0Á05) and presence of all ISDs tested (P < 0Á001 for rapamycin, cyclosporin and tacrolimus; P < 0Á01 for prednisolone, 6-MP and MPA), with this difference levelling off by 96 h. When evaluating the frequency of CD4 1 CD25 -cells expressing CTLA-4, we observed that in the absence of 
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ISDs, CTLA-4 expression did not increase significantly from baseline to 48 h, but it increased between baseline and 96 h in both HS (P < 0Á01) and AIH patients (P < 0Á05; Fig. 2c and Supporting information, Fig. S6 ). ISDs did not affect significantly the increase in CTLA-4 expression triggered by polyclonal stimulation both in HS and AIH patients at 48 and 96 h. Levels of CTLA-4 expression were similar in HS and AIH patients at all time-points tested.
Effect of ISDs on effector cell proliferation
We then evaluated the effects of ISDs on the proliferative capacity of CD4 1 CD25 -cells in the absence and presence of T regs (Fig. 3a,b) . We found that in the absence of T regs tacrolimus reduced significantly (P < 0Á05) the percentage of CD4 1 CD25 -proliferating cells in HS; treatment of CD4 1 CD25 -cells in the presence of MPA resulted in a similar effect in AIH patients (P < 0Á001). In the presence of T regs , cyclosporin, tacrolimus and MPA markedly lowered the proportion of CD4 1 CD25 -proliferating cells in AIH (P < 0Á05 in all cases) (Fig. 3c ); no effect was observed in HS in the presence of any of the ISDs tested (Fig. 3c ).
Discussion
By examining the effects of ISDs on proinflammatory cytokine production, co-inhibitory molecule expression and on the proliferative capacity of CD4 1 CD25 -effectors isolated from treatment-naive AIH patients, we have made a number of interesting observations. We found that the expression kinetics of proinflammatory cytokines and coinhibitory molecules differs between HS and AIH. Further, in AIH ISDs affect predominantly IFN-g production and PD-1 expression and some of these drugs, i.e. cyclosporin, tacrolimus and MPA, boost T reg function. In health, the expression of proinflammatory cytokines, produced by CD4 effectors in the absence of ISDs, peaks at 48 h and falls at a later time-point, possibly as result of the progressive increase in the expression of co-inhibitory molecules. At variance with health, the levels of proinflammatory cytokines produced by effector cells in AIH continue rising after 48 h despite a parallel increase in the expression of co-inhibitory molecules. This might be due to dysfunctional co-inhibition that fails to keep effector cell activation under control. Altered PD-1/PDL1 interactions were described previously by our group in patients with autoimmune liver disease and in their first-degree relatives [39] .
Of note, the increase in IFN-g and TNF-a follows slower kinetics in AIH than in health, probably as result of in-vivo cell exhaustion in the former. In contrast, the levels of PD-1, TIM-3 and CTLA-4 undergo a much quicker rising in AIH, possibly in the attempt to restrain overwhelming inflammation in the disease setting.
Our data indicate IFN-g and PD-1 as the main targets of ISDs in AIH. With regard to IFN-g, these findings may indicate that ISDs exert a preferential control over Th1 cell immunity. Of the three inhibitory molecules investigated, only PD-1 had expression levels that were impacted upon exposure to ISDs. It remains unclear, however, whether this decrease in PD-1 expression is a direct effect of the drugs on this molecule, or it is secondary to the decrease of the in-vivo inflammatory milieu under laboratory conditions. The former hypothesis is supported by the finding of a direct association between increase in PD-1 mRNA levels and intensity of liver inflammation in chronic hepatitis B [40] .
When examining the production of TNF-a by CD4 effectors, while no effect on TNF-a-producing cells was noted in AIH upon cell treatment with ISDs, in HS TNF-a production was contained in the presence of cyclosporin and tacrolimus. This phenomenon may be linked to the presence of TNF-a polymorphisms, found previously to be associated with predisposition to AIH and poor response to immunosuppressive treatment [14] [15] [16] .
Analysis of cell proliferation showed that tacrolimus in HS and MPA in AIH had an inhibitory effect on the ability of CD4 effectors to proliferate. When we tested whether T reg addition could impact the effector proliferative response in the presence of ISDs, we found that in AIH addition of T regs was accompanied by a marked inhibition over CD4 effector cell proliferation not only in the presence of MPA, but also in the presence of cyclosporin and tacrolimus. This control of cell proliferation could result subsequently in a better T reg suppressive function, as proposed in previously published work [41] , in which it was suggested that T reg suppression at the peak of inflammation might be achieved upon appropriate control of the inflammatory environment.
The reason for a higher impact of ISDs on the proliferation, IFN-g production and PD-1 expression of effector cells from AIH patients than from HS remains unclear, although it might derive from in-vivo stimulation by proinflammatory mediators rendering effectors more susceptible to the action of ISDs in vitro.
Curiously, no effect over cell proliferation was noted following T reg addition in the presence of the mTOR inhibitor rapamycin, which was reported previously to enhance T reg properties [37, 42, 43] . This may result from poor susceptibility of T regs from AIH patients to rapamycin, as we reported previously [44] .
In summary, we describe for the first time the influence of ISDs over CD4 T cell effectors in treatment-naive patients with AIH. In this unique clinical setting, ISDs target predominantly IFN-g and PD-1 expression, with MPA, cyclosporin and tacrolimus being particularly effective at restraining cell proliferation. Assessment of these immunological parameters during ISD treatment might represent an important complement to conventional biochemical 
CD25
-cell ability to proliferate. CD4 testing by providing information on immune system activation. These data not only help in understanding the mechanisms through which ISDs restrain effector cells in this clinical context, but also provide valuable information that should be taken into consideration where modulation of the inflammatory environment is aimed to achieve clinical and immunological disease remission.
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-cells from one representative healthy subject (HS) and one autoimmune hepatitis (AIH) patient at baseline, 48 and 96 h in the absence and presence of ISDs. 
-cells from one representative healthy subject (HS) and one autoimmune hepatitis (AIH) patient at baseline, 48 and 96 h in the absence and presence of ISDs.
